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ABSTRACT
In the blood, depending on their physicochemical characteris-
tics, nanoparticles attract a wide range of plasma biomole-
cules. The majority of blood biomolecules bind nonspecifically
to nanoparticles. On the other hand, biomolecules such as
pattern-recognition complement-sensing proteins may recog-
nize some structural determinants of the pristine surface,
causing complement activation. Adsorption of nonspecific
blood proteins could also recruit natural antibodies and initiate
complement activation, and this seems to be a global process

with many preclinical and clinical nanomedicines. We discuss
these issues, since complement activation has ramifications in
nanomedicine stability and pharmacokinetics, as well as in
inflammation and disease progression. Some studies have also
predicted a role for complement systems in infusion-related
reactions, whereas others show a direct role for macrophages
and other immune cells independent of complement activation.
We comment on these discrepancies and suggest directions
for exploring the underlying mechanisms.

Introduction
Blood leukocytes (predominantly monocytes and neutro-

phils) and tissue macrophages in contact with blood [e.g.,
periportal and midzonal Kupffer cells in humans, rats, and
mice; pulmonary intravascularmacrophages (PIMs) in horses,
pigs, and sheep; and splenic marginal zone and red pulp
macrophages in many species] rapidly intercept and clear
intravenously injected nanoparticles from the blood circula-
tion (Brain et al., 1999; Moghimi et al., 2012a). Macrophages
deploy an array of plasma membrane receptors (Taylor et al.,
2005) to recognize spatial and temporal changes on nanoparticle
surfaces, thus ensuring a recognition hierarchy phenomenon
in phagocytic clearance. Dynamic changes on nanoparticle

surfaces are often brought by blood biomolecule deposition
(Maiolo et al., 2015), and some of these components aid
nanoparticle recognition by different macrophage subpopula-
tions (Moghimi et al., 2012b; Tavano et al., 2018). The latter
process is referred to as blood opsonization, and classic
examples of blood opsonins include antibodies and two
cleavage products of the third complement protein 3 (C3),
namely, C3b and iC3b, which prime a surface for recognition
by Fc and complement receptors (CRs), respectively, and/or in
a cooperative manner (Ricklin et al., 2010). On surface
deposition, blood proteins may undergo conformational
changes and expose otherwise hidden epitopes, form new
clusters and architectural arrangements with other biomol-
ecules (e.g., fiber projections) that could serve as ligands for
other macrophage receptors (e.g., different classes of the
scavenger receptors) (Chao et al., 2012), or act as templates
for subsequent binding of opsonic molecules (Moghimi and
Hunter, 2001; Vu et al., 2019). Nanoparticle flow properties
within different blood vessels and at bifurcations in vascu-
lar and capillary systems, and collision dynamics with
circulating cells and vessel walls, may further modulate
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the dynamic aspects of the biomolecule corona (Moghimi
et al., 2012a).
Interfacial changes brought by blood biomolecules (in-

cluding opsonic proteins) on nanoparticle surfaces are also
dependent on nanoparticle characteristics such as shape,
curvature, pristine surface chemistry, functionality, and
presented defects (Lundqvist et al., 2008; Tenzer et al.,
2013). Thus, strategies including nanoparticle shape modi-
fication (deviations from a spherical shape) (Gratton et al.,
2008; Decuzzi et al., 2009; Moghimi et al., 2012a) and surface
grafting/coating with hydrophilic polymers [e.g., methoxy
poly(ethylene glycol) (mPEG), and block copolymers
such as poloxamers, poloxamines, mPEG-poly(L-lactide),
poly(oxazoline), epichlorohydrin crosslinked dextran, and
hyperbranched polyglycerols] could offer protection to rapid
nanoparticle extraction by blood and tissue phagocytes
(Moghimi et al., 2001; Abbina et al., 2017; Tavano et al.,
2018). Indeed, in many cases, nanoparticle surface modifi-
cation with hydrophilic polymers has minimized blood
opsonization processes (Moghimi et al., 2001), but in some
studies such surface modification processes have also
attracted blood dysopsonic molecules to further overcome
nanoparticle recognition by macrophages (Moghimi and
Patel, 1993; Moghimi et al., 1993b; Schöttler et al., 2016).
Furthermore, the steric hindrance from the surface pro-
jected hydrophilic polymers could directly interfere with
nanoparticle binding to macrophage receptors (Dos Santos
et al., 2007; Moghimi et al., 2006). However, some phagocytic
cells, depending on their phenotype and themicroenvironment,
can still recognize and ingest a significant fraction of injected
stealth nanomaterials (Moghimi et al., 1993a, 2012b; Moghimi
and Gray, 1997; Boraschi et al., 2017; Tavano et al., 2018).
Among many blood proteins, complement opsonization has

long been considered as a universal defense strategy for
intercepting foreign and self-effete particulate matters, and
priming them for recognition by blood and tissue scavengers
(Ricklin et al., 2010; Holers, 2014). As a result, complement

opsonization may compromise the performance of nanophar-
maceuticals intended for therapeutic intervention outside
the phagocytic cell network (Moghimi et al., 2011). Further-
more, uncontrolled complement activation could bring a
number of undesirable effects including inflammatory reac-
tions, cardiovascular distress, and promotion of tumor
growth (Markiewski et al., 2008; Moghimi, 2014, 2018;
Farhangrazi and Moghimi, 2016; Guglietta and Rescigno,
2016; Szebeni et al., 2018). Considering multifaceted roles
of the complement system in homeostasis, this perspective
examines pathways and mechanisms of nanoparticle-
mediated complement activation and turnover, and their
impact on immune safe-by-design initiatives in nanomedicine
engineering.
A Brief Overview of the Complement System. The

complement family comprises at least 35 soluble and
membrane-bound proteins playing diverse roles in comple-
ment cascade events such as surface sensing, opsonization,
and assembly of the membrane attack complex (Ricklin et al.,
2010; Holers, 2014). A foreign surfacemay trigger complement
activation through any of the following three main routes:
classic, lectin, and alternative pathways (Fig. 1). Each path-
way is initiated through binding of a pathway-specific
sensing molecule, and subsequent activation of its zymogens,
which then react with other complement proteins to form
proteases that are themselves activated by proteolytic cleav-
age (Moghimi et al., 2011). For example, the classic pathway
may be triggered through direct binding of the cationic
globular head of the complement protein 1 (C1)q molecule to
a surface or to the Fc region of immunoglobulins (as in the
classic antigen-antibody complexes). On binding, C1q un-
dergoes a conformational change, resulting in sequential
activation of C1r and C1s in a calcium-dependent manner to
form a serine protease that acts on complement proteins
4 and 2, respectively (Ricklin et al., 2010; Holers, 2014).
Pattern-recognition molecules such as mannose-binding
lectin (MBL), ficolins, and collectin 11 sense a range of

Fig. 1. Schematic representation of complement activation pathways. The diagram shows the role of selected complement-sensing molecules (e.g., C1q,
MBL, ficolins, and nascent C3b) and antibodies in complement activation. Natural complement regulators and inhibitors are not shown. Reproduced
with permission from Wibroe et al. (2014) (ªAmerican Society for Microbiology).
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carbohydrate ligands on pathogens (and nanoparticles) and
trigger the lectin pathway through activation of MBL-
associated serine proteases (MASPs) 1, 2, and 3 (Ricklin
et al., 2010; Holers, 2014). Activated MASP-1 is believed to
cleave MASP-2, which in turn cleaves complement protein 4,
and the resulting complex forms an assembly with comple-
ment protein 2 (Héja et al., 2012). Next, through participa-
tion of both MASP-1 and MASP-2, the bound complement
protein 2 is cleaved, forming a new protease. The alternative
pathway is generally triggered through autoactivation of
soluble C3 that undergoes slow spontaneous hydrolysis, or
when the a-chain of the nascent C3b undergoes nucleophilic
attack in the presence of a surface rich with nucleophilic
groups (Ricklin et al., 2010; Holers, 2014). Available evidence
also suggests that MASP-1 may directly cleave C3, and
trigger alternative pathway activation. MASPs may also
modulate activity of other alternative pathway proteins such
as factors D and B (Takahashi et al., 2010; Banda et al., 2010;
Dobó et al., 2016). Direct binding of properdin, a stabilizer of
the alternative pathway convertase, to a foreign surface was
also suggested to trigger complement activation (Hourcade,
2006), but this process remains controversial and disputable
(Harboe et al., 2017) due to the artificial nature of the former
study (Hourcade, 2006).
Regardless of the activation pathway, all three pathways of

the complement system converge to generate the same set of
effector molecules through C3 cleavage (Ricklin et al., 2010;
Holers, 2014). This not only generates the opsonic C3b and
iC3b components (Fig. 2), but also the C3a anaphylatoxin
(Ricklin et al., 2010; Holers, 2014). TheC3b component further
participates in the assembly of a convertase that triggers the
cleavage of complement protein 5 (C5), and hence activation of
the terminal pathway of the complement system as well as

formation of the lytic membrane attack complex (Ricklin et al.,
2010; Holers, 2014). C5 cleavage also liberates a potent
anaphylatoxin/chemotactic molecule known as C5a (Ricklin
et al., 2010; Holers, 2014). Anaphylatoxins can also become
liberated without direct complement activation. Coagulation
factors FX, FX1a, and plasmin can directly act on C3 and C5,
and liberate C5a and C3a, respectively (Amara et al., 2008).
Thrombin also acts on C3, but not C5, to liberate anaphyla-
toxin (C3a) (Amara et al., 2008).
The complement system further comprises soluble and

membrane-bound regulatory molecules such as C1-inhibitor,
complement protein 4–binding protein, factors H and I, decay
accelerating factor, and CD46 that modulate the extent of
complement activation (Sjöberg et al., 2009; Ricklin et al.,
2010; Holers, 2014). Noncomplement proteins such as apoli-
poproteins A-I and A-II also regulate complement activation
apparently by minimizing the formation of the membrane
attack complex (Hamilton et al., 1993; Hamad et al., 2013). In
some instances, apolipoprotein B-100 has also displayed
inhibitory effect on block copolymer micelle-mediated comple-
ment activation, but apolipoprotein B-100 is not a true
complement inhibitor (Hamad et al., 2013). Apolipoprotein J
(also known as clusterin) is another established complement
inhibitor, which together with vitronectin binds to nascent
C5b-9 complexes rendering them lytically inactive (McDonald
and Nelsestuen, 1997).
Recent Advances in Nanoparticle-Mediated Comple-

ment Activation Processes. There is sporadic reporting
and inconsistencies in complement activation by engineered
nanoparticles and nanomedicines, and these have been re-
cently reviewed (Boraschi et al., 2017). These inconsistencies
may have roots in sera and plasma sources and prepara-
tions, anticoagulant type, and assay procedures, as opposed

Fig. 2. The structure of the third com-
plement protein (C3), and nanoparticle
opsonization by C3b and iC3b. The
arrowheads in the a chain indicate C3
cleavage sites through the action of C3
convertases (1) and factor I (2 and 3).
When C3 convertases release C3a, the
remaining molecule (a9 and intact b
chain) is known as C3b. In C3b, the
reactive thiolester moiety (located in
the C3dg segment) can either form an
ester or an amide bond with a reactive
hydroxyl and amino moiety on the
pristine nanoparticle surface (and/or
its biomolecule corona), respectively.
The lower portion shows interaction of
C3-opsonized nanoparticles with CRs
on a phagocytic cell.
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to classic complement research protocols, which pay detailed
attention to serum/plasma preparation and complement
pathway validation (Lachmann, 2010). Nanoparticle hetero-
geneity is also another contributing factor, which has also
been noted among clinical preparations (Wibroe et al., 2016a).
Within a typical batch, nanoparticles may show heterogeneity
in terms of spatial distribution of surface functional groups,
morphology, size, and aspect ratio (Hamburg, 2012; Moghimi
et al., 2012a; Wibroe et al., 2016a). Considering this hetero-
geneity, different nanoparticle subpopulations may trigger
complement activation through any of the three main path-
ways or their combinations.
Despite these factors, a number of efforts have been

directed toward unraveling the mechanistic complexities
surrounding nanoparticle-mediated complement activation
processes (Moghimi et al., 2006, 2011; Banda et al., 2014;
Boraschi et al., 2017; Chen et al., 2017; Vu et al., 2019). The
simplest way in which a nanoparticle could trigger comple-
ment activation is through direct binding of a complement-
sensingmolecule to the pristine surface (Moghimi et al., 2011).
For example, human C1q shows high affinity for poly(2-
methyl-2-oxazoline)–coated nanoparticles (but not for the
corresponding uncoated nanoparticles) with a binding con-
stant comparable to that of the natural ligands of C1q (e.g.,
histones and IgG), resulting in activation of the classic
pathway and C3 opsonization (Tavano et al., 2018). Another
example is the binding of C1qA to cardiolipin lipo-
somes, resulting also in activation of the classic pathway
(Kovacsovics et al., 1985; Bradley et al., 1999). On the other
hand, C1q binding to pristine carbon nanotubes has pro-
duced extreme outcomes. In one study, C1q binding to these
nanomaterials triggered complement activation through the
classic pathway (Salvador-Morales et al., 2006), whereas in
another study C1q deposition failed to trigger complement
activation (Ling et al., 2011). These differences may have been
due to different levels of impurities and differences in surface
characteristics of the nanotubes in question in the two studies.
Depending on the surface properties, others have shown
carbon nanotube–mediated complement activation through
lectin and alternative pathways (Hamad et al., 2008; Moghimi
and Hunter, 2010; Andersen et al., 2013a,b; Pondman et al.,
2014). For example, complement activation by poly(ethylene
glycol) (PEG)ylated carbon nanotubes was predominantly
through the lectin pathway (Hamad et al., 2008; Andersen
et al., 2013a). Variability in C1q binding (and classic pathway
activation) also applies to graphene sheets (Belling et al.,
2016; Wibroe et al., 2016b), which in turn may be related
to differences in surface functionality and chemistry. With
respect to the alternative pathway, direct noncovalent C3
deposition on a surface, and particularly in the form of
metastable C3(H2O), may also trigger complement activation
through a C3 conformational change that results in the
assembly of the alternative pathway convertases (Klapper
et al., 2014).
Antibodies have long been known to modulate comple-

ment activation through different pathways (Moghimi et al.,
2011). They may either show specificity for some pristine
ultrastructure components (e.g., antiphospholipid anti-
bodies and antidextran antibodies, could bind to phospho-
lipid headgroups and dextran, respectively), nonspecifically
deposit, or specifically bind to exposed epitopes of deposited
blood proteins on nanoparticle surfaces. However, simple

antibody binding or deposition may not necessary trigger
complete activation. For example, the antidextran IgM
differently triggers the complement depending on the
bound antibody conformation and strain (Pedersen et al.,
2010). On the surface of dextran-coated nanoparticles,
100–250 nm in diameter, IgM assumes a staple conforma-
tion with sufficient strain that triggers C1 activation, and
hence the classic pathway activation. On the other hand,
IgM assumes a planar conformation on larger (600 nm)
dextran-coated nanoparticles, which fails to activate C1
(Pedersen et al., 2010).
Many proteomic studies attest to deposition of antibodies

from human sera and plasma on different nanoparticles
(Lundqvist et al., 2008; Tenzer et al., 2013), but these studies
do not differentiate on the mode of antibody deposition, and
their complement activationmechanism(s) if any as addressed
recently (Tavano et al., 2018). For instance, IgG deposition on
a surface through its Fc moiety may suppress or even prevent
complement activation. Indeed, many virulent pathogens
exploit this process to escape complement activation and
macrophage surveillance (Sulica et al., 1979; Zhang et al.,
1998). However, a recent study has unraveled a link between
the generated protein corona and the antibody-mediated
complement activation, where the binding of only a few
antibodies to different types of nanopharmaceuticals (e.g.,
Feraheme, Doxil, and Onivyde) was sufficient in directly
activating complement through the alternative pathway
(Vu et al., 2019). This functional antibody binding was strictly
dependent on the protein corona, thereby suggesting a role for
the adsorbed proteins in generating necessary antigenic
epitopes for antibody docking (Vu et al., 2019). This in turn
indicates that the extent of antibody binding (and the resul-
tant complement activation) is dependent on antibody isotype
and titer, as well as the frequency of antigenic epitopes created
by different surface bound proteins. Nevertheless, these
antibodies served as targets for nascent C3b attack and
formation of C3bBb-properdin convertases, where the latter
amplified C3 cleavage on nanoparticle surfaces resulting in
covalent binding of C3b to available reactive amino and/or
hydroxyl moieties on protein corona (Vu et al., 2019). Indeed,
the dependency of nanoparticle C3 opsonization on immuno-
globulin binding is universal, and occurs with different nano-
particle types. Notwithstanding, C3 opsonization has also
been shown to be continuous and changeable in vivo; com-
plexes formed between C3 and corona proteins are released
from nanoparticle surfaces and formed again on fresh protein
deposition (Chen et al., 2017).
Binding of antiphospholipid antibodies to different phos-

pholipid headgroups in liposomes has been suggested to
trigger complement activation through the classic pathway
(Moghimi and Hunter, 2001; Moghimi et al., 2011). However,
this requires at least two IgG molecules within 10–40 nm
of each other to form a stable platform for C1q binding
and C1 activation. On the other hand, others have identified
b-2-glycoprotein-1 deposition as a prerequisite for antiphos-
pholipid antibody binding to liposomes and complement
activation (Jones et al., 1992). Since such liposomes also
trigger the alternative pathway of the complement system
(Moghimi et al., 2011), it is highly plausible that a few surface
bound antiphospholipid antibodies could directly aid assem-
bly of alternative pathway convertases and accelerate C3
opsonisation. Indeed, this was also shown to be the case with
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two clinical liposome formulations (Doxil and Onivyde)
(Vu et al., 2019).
A number of reports have established a modulating role for

the nanoparticle polymer coat in complement activation, where
changes in polymer conformation could not only affect the extent
of complement activation, but also in switching complement
activation from one pathway to another (Hamad et al., 2010;
Yu et al., 2014; Coty et al., 2017). Generally, changing the
configuration of surface projected hydrophilic polymers such as
poloxamers, poloxamines, and mPEGs, and different polysac-
charides from mushroom to brush has minimized the extent of
complement activation, but in some instances this shifted
complement activation from classic to lectin pathway or modu-
lated the alternative pathway activation mode (Hamad et al.,
2010; Yu et al., 2014; Coty et al., 2017). Such polymer
conformational changes could alter display patterns of polar-
ity and hydrophobicity, and this in turn may affect the affinity
of complement-sensing proteins (e.g., C1q vs. MBL and
ficolins) for the surface. This suggestion is in line with recent
approaches that have shown the importance of nanoscale
patterning and controlling spatial and architectural ar-
rangements of ligand presentation in MBL-binding kinet-
ics (Gjelstrup et al., 2012). On the other hand, conformational
changes of surface projected polymers may also affect pro-
tein binding, and hence the composition (and conformation) of
nonspecific blood proteins, which in turn may regulate the
pathway of complement activation. For instance, changing from
mushroom to brush configuration may affect exposure of the
glycosylated regions of adsorbed blood proteins (such as apoli-
poproteins) for MBL and ficolin binding (Hamad et al., 2008).
Species Variation in Complement Activation and C3

Opsonization. Rodent models are widely used in nanomedi-
cine research, and particularly with respect to nanoparticle
opsonization processes and macrophage clearance. However,
there are disparities in nanoparticle-mediated complement
activation andC3 opsonization processes between rodents and
humans (Banda et al., 2014; Inturi et al., 2015; Wang et al.,
2016; Tavano et al., 2018) as well as in vitro-in vivo correla-
tions (Wang et al., 2017). For instance, dextran-coated super-
paramagnetic iron oxide nanoworms differently trigger
complement activation in mice and humans, but C3 opsoniza-
tion is necessary for nanoworm uptake by both murine and
human blood leukocytes (Inturi et al., 2015;Wang et al., 2016).
In human sera, nanoworms predominantly activate comple-
ment through the antibody-mediated alternative pathway,
but moderately via the lectin pathway, whereas in mouse
complement activation by nanoworms occurs mainly through
binding of MBL-A/C (the lectin pathway) (Banda et al., 2014).
Crosslinking the dextran coat of nanoworms with epichloro-
hydrin blocks lectin pathway activation and C3 opsonization
in mice, but neither this strategy nor modifications of sugar
alcohols of dextran with alkylating and acylating agents can
overcome nanoworm-mediated complement activation, and
C3 opsonization in human sera (Wang et al., 2016). Thus,
these observations support the notion that human comple-
ment activation is independent of dextran modification of
nanoworms, and driven through alternative pathways via
antibody deposition on protein corona.
Another interesting example is C1q-mediated complement

activation by poly(2-methyl-2-oxazoline)–coated nanoparticles
in human sera, whereas these nanoparticles do not activate
mouse complement, and moreover resist rapid ingestion by

murine macrophages (Tavano et al., 2018). Indeed, in
support of in vitro observations with murine macrophages,
poly(2-oxazoline)–grafted liposomes also show long circula-
tory behavior in rodents (Zalipsky et al., 1996). There are
even disparities in immune handling of nanoparticles among
rodents. In mice, intravenously ganglioside GM1 liposomes
are long circulatory (Gabizon and Papahadjopoulos, 1988),
whereas in rats the hepatic Kupffer cells rapidly clear these
liposomes from the blood circulation due to the presence of
naturally occurring anti-GM1 antibodies, which through
complement activation promote liposome opsonization with
C3 (Liu et al., 1995). Collectively, these observations sug-
gest the importance of testing nanoparticle opsonization and
susceptibility to macrophage clearance with human-derived
plasma and phagocytic cells, rather than relying on non-
human sources.
Nonactivating Surfaces. Considering the multifaceted

roles of the complement system in nanomedicine stability,
accelerated clearance by macrophages, inflammatory reac-
tions, and disease progression, there have been concerted
efforts in engineering of targetable nanomedicines that do not
trigger complement activation (Gbadamosi et al., 2002; Sou
and Tsuchida, 2008; Wu et al., 2011; Andersen et al., 2013a;
Wibroe et al., 2015; Azmi et al., 2016; Guan et al., 2018).
Recent findings on the role of protein corona in antibody-
mediated triggering of alternative pathway (Vu et al., 2019),
and the exchangeable dynamics of C3 opsonization (Chen
et al., 2017), make design of surfaces that repel natural
antibodies a grand challenge. At first instance, such develop-
ments may rely on availability of biocompatible superhydro-
phobic polymers that repel blood proteins under shear flow
(Moghimi and Simberg, 2017). Alternatively, precision surface
patterning with available polymers (and functional groups)
may overcome complement activation. For instance, since
PEG can minimize protein adsorption, keeping PEG chains
10–15 Å apart may generate ideal spacing for optimal protein
exclusion effect (Moghimi and Simberg, 2017). This approach
has shown some degree of success in minimizing comple-
ment activation by single wall carbon nanotubes coated with
poly(maleic anhydride-alt-1-octadecene) bearing two mole-
cules of mPEG5000 (Andersen et al., 2013a). However, preci-
sion PEG patterning may not be applicable to many
nanoparticle self-assemblies such as liposomes, but void filling
through polymer pairing, as in combinations of short,medium,
and long chain polymers, may offer a viable solution, and such
procedures are known to modulate immunity (Gbadamosi
et al., 2002; Moghimi, 2006; Dai et al., 2014). Nonetheless,
there are some empirical approaches that have yielded nano-
particles that avoid complement activation in human blood.
A recent example is a hexosome formulation from citrem and
glyceryl monooleate, where the lack of complement activation
was suggested to arise from recruitment of complement
regulatory protein factor H (Wibroe et al., 2015). Indeed, there
are structural similarities between the terminal citric acid
moiety of citrem and sialic acid (Fig. 3). Thus, this approach is
analogous to some virulent bacterial pathogens that bypass
complement activation through factor H recruitment by virtue
of surface expression of sialyated glycans and polysialic acid
(Langford-Smith et al., 2015). Indeed, the amino acid residues
in the CCP20 domain of factor H have been suggested to bind
to the glycerol side chain and carboxyl moiety of sialic acid
(Blaum et al., 2015). Thus, the citric acid moiety of citrem in
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concert with the glycerol component of glyceryl monooleate
may form dynamic platforms for factor H binding. Subsequent
studies have also shown that other citrem-containing la-
mellar and nonlamellar liquid crystalline nanoparticle self-
assemblies including vesicles, cubosomes, and hexosomes
also behave as poor complement-activating entities (Azmi
et al., 2016). Similarly, other nanoparticles with high surface
density of carboxylic acid (Sou and Tsuchida, 2008) and
sulfonate functionality (Montdargent et al., 1993) have also
shown resistant to complement activation, which presumably
is due to factor H recruitment. Similarly, heparin-coated
nanoparticles also exhibit poor complement-activating prop-
erties (Chauvierre et al., 2004). In contrast to these
observations, sulfonation and carboxymethylation of cross-
linked iron oxide nanoparticles proved unsuccessful at
decreasing complement activation, and hence factor H
recruitment (Wang et al., 2016). This underscores the
notion that such modifications may not be universally
applicable to all nanoparticle types.
There are many examples of mammalian cell and natu-

rally evolved pathogen-based strategies that evade comple-
ment and some of these have been translated to nanoparticle
surface engineering. For instance, surface enrichment with a
phage peptide that recruits factor H is one successful example
that overcomes complement activation (Wu et al., 2011).
Others peptidomimmetic approaches have included surface
functionalization with designer peptides that attenuate IgM
deposition (Guan et al., 2018). There are also efforts focusing
on enriching nanoparticle surfaces with naturally derived
immunoregulators such as CD47, CD55, and CD59 (Sims
et al., 1989; Yin et al., 2008; Ricklin et al., 2010). One such
approach is cloaking nanoparticles with platelet membranes,
which was suggested to overcome complement activation and
C3 opsonization (Hu et al., 2015). However, the validity of
complement activation assessment and interpretation in
this study was questioned by us (Moghimi et al., 2016),
and we have now established that cloaking of polystyrene

nanoparticles with either platelet or leukocyte membrane
does not overcome complement activation in human plasma,
and conversely accelerates complement activation through
alternative pathways (S. M. Moghimi, unpublished data).
Cloaking of solid nanoparticles with biomembranes can in-
duce unfolding and denaturation of membrane proteins (as
well as flipping of the inner-membrane components), and this
may trigger binding of natural antibodies, resulting in com-
plement activation.
Increasing attention is being placed on the use of exosomes

as potential vehicles for experimental drug delivery. Some
evidence suggests that nonmalignant cell–derived exosomes
are poor complement-activating entities due to expression of
complement regulatory proteins such as CD59 and decay-
accelerating factor (Clayton et al., 2003). On the other hand,
one study has shown more potent activation of the human
complement system by both metastatic and nonmetastatic
malignant cell–derived exosomes (Whitehead et al., 2015).
This is interesting, since intratumoral complement activation
by exosomes may promote tumor growth (Markiewski et al.,
2008), and complement activation is also known to play a
modulatory role in endothelial cell retraction (Kerr and
Richards, 2012), a process that may aid metastatic spread.
Controversy on the Role for Complement in Infusion

Reactions to Nanomedicines. Infusion reactions to nano-
medicines are idiosyncratic and non-IgE–dependent, where
typical symptoms (e.g., facial swelling, skin rash, cough, chest
pain, and cardiovascular distress) vary from mild to severe
depending on the individual, nanomedicine dose, and rate of
infusion (Moghimi, 2018). Prediction of infusion reactions to
nanomedicines has proven unsuccessful with standard allergy
tests (Moghimi, 2018). Instead, the porcine model has been
promoted for nanomedicine prescreening, since many symp-
toms of acute infusion reactions (e.g., skin rash and cardio-
vascular distress) in humans are outwardly reproducible in
pigs (Szebeni et al., 2012). Equivocal investigations have
further indicted a role for the complement system in infusion

Fig. 3. Structures of glycerol (glyceryl) monooleate,
citrem, and sialic acid. Circles in sialic acid structure
indicate moieties that interact with factor H.
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reactions to nanomedicines, where the extent of nanoparti-
cle/nanomedicine-mediated complement activation in hu-
man serum (at 45 minutes of incubation) is inappropriately
being correlated to cardiopulmonary responses in pigs, which
occur within minutes of injection (Mészáros et al., 2018).
Many nanoparticles/nanomedicines, including those in the
study by Mészáros et al. (2018), are very mild activators
of both human and pig complement compared with po-
tent complement-activating agents such as endotoxins
and zymosan (Moghimi, 2018), and within the first 5 minutes
of contact with human serum/plasma these nanoparticles
hardly trigger complement activation (Wibroe et al., 2017).
Also, the magnitude of cardiopulmonary responses (such as
rise in pulmonary arterial pressure and drop in systemic
arterial pressure) induced with nanoparticles and some
nanomedicines is similar to low-dose zymosan; however, at
this low dose, zymosan is far more potent in activating
human and pig complement (Moghimi, 2018; Wibroe et al.,
2017). Thus, the validity of the porcine model in global
nanomedicine safety assessment has recently been ques-
tioned (Moghimi, 2018; Wibroe et al., 2017; Skotland, 2017;
Moghimi and Simberg, 2018). It has long been known that
unlike humans, cloven-hoof animals (such as pigs) have
resident intravascular macrophages in their lungs (known
as PIMs) (Brain et al., 1999). PIMs immediately respond on
robust nanoparticle clearance, irrespective of complement
activation, and release arachidonate metabolites, which
initiate cardiopulmonary distress (Wibroe et al., 2017).
Indeed, many studies have shown that rapid nanoparticle
extraction from the blood by PIMs correlate with peak
periods of cardiopulmonary distress (Miyamoto et al., 1988;
Longworth et al., 1992; Schneberger et al., 2012; Wibroe
et al., 2017), see Table 1. Furthermore, pharmacologically
mediated PIM destruction or strategies that transiently
delay nanoparticle sensing by PIMs (e.g., rod- or disk-
shaped carboxylated polystyrene nanoparticles as opposed
to their spherical counterparts, and spherical polystyrene
nanoparticles bound to erythrocytes), all overcome infu-
sion/injection reactions in pigs irrespective of complement
activation (Fig. 4A; Table 1), and trigger desensitization
(Gaca et al., 2003; Wibroe et al., 2017). On PIM destruction,
cardiopulmonary distress to intravenously injected PEGylated
liposomes and potent complement-activating agents such as
endotoxins and zymosan also disappears (Sone et al., 1999;
Gaca et al., 2003; Wibroe et al., 2017). In clinical practice,
slowing down the nanomedicine infusion rate usually over-
comes adverse reactions in patients (Moghimi, 2018). This is
in line with experimental observations that a transient delay
in nanoparticle (as in rod/disk-shaped nanoparticles compared
with their spherical counterparts) presentation to PIMs
overcomes cardiopulmonary distress in pig (Wibroe et al.,
2017). Therefore, macrophages (and perhaps other immune
cells such as dendritic cells) play a vital role in the infusion
reaction, where the rate of nanoparticle presentation to
responding macrophages, rather than the complement acti-
vation per se, modulates downstream processes. Still, differ-
ent nanoparticle types, depending on their physicochemical
properties (including shape and PEGylation), may modulate
macrophage responses differently. Accordingly, batch-to-
batch and in-batch nanoparticle heterogeneity (as in surface
properties and morphology, and exemplified with Doxil and
follow-on products) (Wibroe et al., 2016a) may account for

interindividual variations in adverse reactions to nanomedi-
cine infusion (Moghimi, 2018).
As to the location of responsive macrophages in humans, a

number of studies have demonstrated the presence of induced
PIMs in pulmonary circulation of patients with liver dysfunc-
tion/disease, hepatopulmonary syndrome, and inflammatory
lung disease (Dehring andWismar, 1989; Miot-Noirault et al.,
2001; Moghimi, 2018). Accordingly, patients that have shown
infusion reactions to nanomedicines may have induced PIMs
in their lungs, but to date there is no published study
investigating this possibility. Furthermore, reactive macro-
phages may not necessarily reside in patients’ lungs, and
responses may arise from a subpopulation of Kupffer cells
and/or splenic macrophages, or even other immune cells such
as lung dendritic cells (Dams et al., 2000; Moghimi, 2018).
Recently, we demonstrated that a significant fraction of
intravenously injected liposomes, regardless of their compo-
sition, rapidly accumulate in F4/801 skin phagocytic cells
(Griffin et al., 2017). Therefore, it is plausible that responsive
skin macrophages could play a role in adverse cutaneous
reactions as well as desensitization to nanomedicines.
Notwithstanding, two key factors could play critical roles

in macrophage responses. The first is the nature of the
responding macrophage receptor, and its associated signal-
ing threshold, that may regulate the transitional link be-
tween robust internalization and kinetics of bioactive
molecule release from macrophages (Escribese et al., 2017;
Moghimi, 2018). For example, a plausible role for low-affinity
Fc-receptor–mediated response to nanomedicine anaphy-
laxis has been proposed (Moghimi, 2018). Indeed, Fc recep-
tors (FcgRI, FcgRIIA, FcgRIIB, FcgRIIC, FcRIIIA, and
FcgRIIIB) show different affinities for antibodies and ex-
hibit different expression patterns and downstream signaling
(Strait et al., 2002). Fc receptors also contribute to desensiti-
zation (Strait et al., 2002; Escribese et al., 2017). Nevertheless,
the location of responding macrophages, their number, and
accessibility to nanoparticles play a role as a rate-limiting
factor. Whether natural antibody binding could serve as a
broad biomarker of nanoparticle clearance (within the
context of IgG-mediated alternative pathway activation),
and infusion-related reactions, awaits future studies. We
may also consider whether complement opsonized nano-
particles could contribute to macrophage responses. For
example, iC3b opsonized nanoparticles are multimerized
ligands for the third complement receptor (i.e., CR3), and
induce CR3 clustering. In monocytic cell lines, CR3 clus-
tering induces NF-kB activity through Toll/interleukin-1
receptor family-like signaling cascade, which results in
the expression of proinflammatory genes (Shi et al., 2001).
Whether this applies to primary human macrophages awaits
future studies.
The second factor is particle size (or particle volume within

a three-dimensional context), where the magnitude of cardio-
pulmonary responses to larger nanoparticles could be more
severe (Mészáros et al., 2018). Indeed, macrophages are
known to ingest larger particles more efficiently (and with
faster kinetics) than their smaller counterparts (Moghimi
et al., 2012a). Smaller particles may also trigger adverse
cardiopulmonary reactions on aggregation and formation of
large clusters in the blood. Our own efforts (S. M. Moghimi,
unpublished data) have shown more severe PIM responses
to larger nanoparticles than their smaller counterparts
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(irrespective of complement activation) when injected at the
same rate to pigs on an equivalent particle number basis
(schematically demonstrated in Fig. 4B). Interestingly, a
higher dose of smaller nanoparticles, which triggered ad-
verse cardiopulmonary distress, failed to desensitize the
animals, and cardiopulmonary distress occurred on injection
of corresponding larger nanoparticles (S. M. Moghimi, un-
published data). These experiments suggest that nanopar-
ticles of different sizes (but of identical morphology and
surface chemistry) are presumably recognized by different
macrophage receptors (and/or internalized through different
routes) (Gratton et al., 2008).

Complement activation by the solubilizing agent Cremophor
ELhas also been blamed for adverse infusion reactions to Taxol
(Szebeni et al., 2001). In contact with blood, Cremophor EL
micelles interact with lipoproteins and undergo structural
transformation. Upon loss of their hydrophobic components to
high- and low-density lipoproteins, the hydrophilic compo-
nents of Cremophor EL micelle remnants form large droplets
(Szebeni et al., 2001). Therefore, robust clearance of these large
droplets by responsive macrophages could account for the
observed reactions in responsive patients (Moghimi, 2018).
Particles such as Albunex (air-filled albumin microspheres)

and Intralipid (a 20% intravenous fat emulsion) have also

TABLE 1
The effect of PIM manipulation in cloven-hoof animals on adverse reactions to nanoparticle administration

Species PIM Manipulation Test Nanoparticle Remarks Reference

Sheep None Liposomesa (200–300 nm) PAP elevation; TxB2 elevation at
PAP peak

Miyamoto et al.,
1988

Indomethacin Liposomesa (200–300 nm) PAP rises completely blocked by
indomethacin

Thromboxane synthase
inhibitor

Liposomesa (200–300 nm) PAP rises blocked by 75%

Newborn lamb None (newborn lambs do not
have PIMs in their lungs)

Liposomesb; Monastral blue nanoparticles
(45–65 nm)

No pulmonary hypertension; no
net pulmonary production of
TxB2

Longworth et al.,
1992

None (2 wk after birth) Liposomesb; Monastral blue nanoparticles
(45–65 nm)

PIMs appear 2 wk after birth;
pulmonary hypertension and
elevated TxB2 on liposome and
Monastral blue nanoparticle
administration; nanoparticle
deposition to the lungs was
confirmed (more nanoparticle
deposition to the lungs in older
animals due to more PIM
populations)

Lamb None Endotoxin Pulmonary hypertension;
increased lung microvascular
leakiness

Sone et al., 1999

PIM depletion by clodronate-
encapsulated liposomes

Endotoxin No pulmonary hypertension;
.90% attenuation in early and
late rises in lung lymph flow;
recurrence of pulmonary
hypertension on PIM recovery
after 2 wk

Pig None Endotoxin Pulmonary hypertension; elevated
serum levels of IL-6, TNF-a, and
thrombin

Gaca et al., 2003

PIM depletion by clodronate-
encapsulated liposomes

Endotoxin None/very mild pulmonary
hypertension; significantly
lower serum IL-6, TNF-a, and
thrombin

Pig None Carboxylated polystyrene nanospheres
(500 and 750 nm); sulfated polystyrene
nanospheres (750 nm); PEGylated
liposomes (200 nm); Zymosan

Pulmonary hypertension; TxB2
elevation at peak PAP

Wibroe et al., 2017

PIM depletion by clodronate-
encapsulated liposomes

Carboxylated polystyrene nanoparticles
(500 and 750 nm); sulfated polystyrene
nanospheres (750 nm); PEGylated
liposomes (200 nm); Zymosan

.80% attenuation in pulmonary
responses and TxB2 generation

None Carboxylated polystyrene rods (450 �
120 nm); carboxylated polystyrene
disks (250 � 75 nm)

No cardiopulmonary distress; no
TxB2 elevation (shape effect;
slower nanoparticle
presentation rate to PIMs
compared with nanospheres)

None Carboxylated or sulfated polystyrene
nanospheres (500 and 750 nm)
attached to erythrocytes

.70% attenuation in pulmonary
responses and TxB2 generation
compared with free nanospheres
(due to a slower nanosphere
presentation rate to PIMs when
bound to erythrocytes)

IL-6, interleukin-6; PAP, pulmonary arterial pressure, TxB2, thromboxane B2; TNF, tumor necrosis factor.
aLiposome composition: egg phosphatidylcholine:cholesterol:phosphatidylserine (mole ratio 6:4:1).
bLiposome size, not indicated; liposome composition: egg phosphatidylcholine:cholesterol:phosphatidylserine (mole ratio 6:4:1).
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induced cardiopulmonary distress in pigs (and sheep) (Mckeen
et al., 1978; Østensen et al., 1992; Bedocs et al., 2014), but have
shown no such deleterious reactions in human subjects, and
have reached the market (Moghimi and Simberg, 2018).
Again, the observed animal responses are in line with
nanoparticle organ distribution. Indeed, biodistribution stud-
ies with radiolabeled Albunex have shown species differences
in organ accumulation, where lung retention accounted for
90% and 5% of the injected dose in pigs and rats, respectively
(Walday et al., 1994; Skotland, 2017). Another example is
citrem-based hexosomes, which show no complement activity
in either human or pig blood, yet generate identical cardio-
pulmonary distress (e.g., rapid drop in systemic arterial
pressure and rise in pulmonary arterial pressure) in pigs as

potent complement-activating Pluronic F127–stabilized hex-
osomes (Wibroe et al., 2015; P. P.Wibroe, A. Yaghmur, and S.M.
Moghini, unpublished data). Thus, considering pig’s natural
physiologic responses to many nanoparticles (i.e., PIM-induced
responses), global nanomedicine safety assessment in pigs, and
within the context of anaphylaxis, may be considered inappro-
priate and scientifically questionable. Therefore, compulsory
nanomedicine response tests in pigs should not be advertently
promoted and imposed on the pharmaceutical industry. For
testing whether complement plays any role in human-related
infusion reactions, and considering the disparity of comple-
ment activation processes and responses between preclinical
models and humans, the answer may rely on development of
complement inhibitors and their direct assessment on

Fig. 4. Schematic representation of poly-
styrene nanoparticle shape and volume
effects on cardiopulmonary distress in pigs.
(A) Spherical polystyrene nanoparticles can
trigger responses from PIMs and induce
cardiopulmonary distress. Nonspherical
polystyrene nanoparticles (poor activators
of the porcine complement) and spherical
nanoparticles bound to erythrocytes (com-
plement activators) do not trigger PIM
responses on intravenous injection. (B)
Effect of commercially available model poly-
styrene nanoparticle size (or volume) in
cardiopulmonary distress. Larger nanopar-
ticles induce more potent cardiopulmonary
responses compared with their smaller
counterparts on the basis of equivalent
particle number. This is regardless of nano-
particle surface chemistry at least with
respect to OH, COOH, and NH2 functional-
ities as well as mPEG grafting. See Wibroe
et al. (2017), for general experimental proto-
cols and methodologies.
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human volunteers (Szebeni et al., 2018). However, these
inhibitors should include a panel of anaphylatoxin receptor
antagonists as well as complement pathway selective inhibi-
tors (Woodruff et al., 2011; Barnum, 2017; Huang, 2018), and
particularly inhibitors of the alternative pathway, since the
alternative pathway turnover plays a dominant role in
complement activation by many nanomedicines (Vu et al.,
2019). Such combinations may further allow discrimination
between anaphylatoxin release triggered responses and com-
plement opsonized nanoparticle-mediated signaling effect.

Conclusions
Considering the multifaceted roles of complement in bridg-

ing innate and adaptive immune responses, we are still in
need of bettermechanistic understanding of interfacial factors
that regulate the interplay between nanoparticles, comple-
ment systems, and innate immunity as whole (Boraschi et al.,
2017). Among these factors, nonspecific protein adsorption
plays at least a global role in antibody-triggered alternative
pathway activation (Vu et al., 2019), where such uncon-
trolled and random complement activation may affect
nanoparticle pharmacokinetics, promote inflammation,
and help disease progression. A clear understanding of
underlying physicochemical and pathophysiological factors
that regulate complement activation and responses could lead
to immune-safe-by-design innovations not only in nanomedi-
cine, but also in biomaterials and biomedical engineering. As
to mechanism(s) of infusion reactions, we are still in need
of systematic studies to identify reliable biomarkers for
patient selection, risk mitigation, and therefore a patient-
centric approach to effective nanomedicine therapy. Here,
development and approval of human complement inhibitors
may at least resolve the role of complement (if any) in infusion-
related reactions. More importantly, we should start studying
the immunobiology of induced PIMs in human lungs and
assessing the role of other suspect resident macrophages
(and other cells such as dendritic and natural killer cells) in
infusion-related reactions and desensitization mechanisms
to nanomedicines. Notwithstanding, through concerted bio-
informatics and big data analysis and inception of genome
association studies we may eventually identify the underlying
genomic, proteomic, and immune cell factors responsible for
mild, moderate, and severe infusion reactions to nanomedi-
cines, and within the context of the patient’s medical history.

Authorship Contributions

Wrote or contributed to the writing of the manuscript: Moghimi,
Hunter, Yaghmur, Simberg, Skotland.

References

Abbina S, Vappala S, Kumar P, Siren EM, La CC, Abbasi U, Brooks DE,
and Kizhakkedathu JN (2017) Hyperbranched polyglycerols: recent advances in
synthesis, biocompatibility and biomedical applications. J Mater Chem B 5:
9249–9277.

Amara U, Rittirsch D, Flierl M, Bruckner U, Klos A, Gebhard F, Lambris JD,
and Huber-Lang M (2008) Interaction between the coagulation and complement
system. Adv Exp Med Biol 632:71–79.

Andersen AJ, Robinson JT, Dai H, Hunter AC, Andresen TL, and Moghimi SM
(2013a) Single-walled carbon nanotube surface control of complement recognition
and activation. ACS Nano 7:1108–1119.

Andersen AJ, Windschiegl B, Ilbasmis-Tamer S, Degim IT, Hunter AC, Andresen TL,
and Moghimi SM (2013b) Complement activation by PEG-functionalized multi-
walled carbon nanotubes is independent of PEG molecular mass and surface
density. Nanomedicine (Lond) 9:469–473.

Azmi IDM, Wibroe PP, Wu LP, Kazem AI, Amenitsch H, Moghimi SM, and Yaghmur
A (2016) A structurally diverse library of safe-by-design citrem-phospholipid

lamellar and non-lamellar liquid crystalline nano-assemblies. J Control Release
239:1–9.

Banda NK, Mehta G, Chao Y, Wang G, Inturi S, Fossati-Jimack L, Botto M, Wu L,
Moghimi SM, and Simberg D (2014) Mechanisms of complement activation by
dextran-coated superparamagnetic iron oxide (SPIO) nanoworms in mouse versus
human serum. Part Fibre Toxicol 11:64.

Banda NK, Takahashi M, Levitt B, Glogowska M, Nicholas J, Takahashi K, Stahl
GL, Fujita T, Arend WP, and Holers VM (2010) Essential role of complement
mannose-binding lectin-associated serine proteases-1/3 in the murine collagen
antibody-induced model of inflammatory arthritis. J Immunol 185:5598–5606.

Barnum SR (2017) Therapeutic inhibition of complement: well worth the risk. Trends
Pharmacol Sci 38:503–505.

Bedocs P, Capacchione J, Potts L, Chugani R, Weiszhar Z, Szebeni J,
and Buckenmaier CC (2014) Hypersensitivity reactions to intravenous lipid
emulsion in swine: relevance for lipid resuscitation studies. Anesth Analg 119:
1094–1101.

Belling JN, Jackman JA, Yorulmaz Avsar S, Park JH, Wang Y, Potroz MG, Ferhan
AR, Weiss PS, and Cho NJ (2016) Stealth immune properties of graphene oxide
enabled by surface-bound complement factor H. ACS Nano 10:10161–10172.

Blaum BS, Hannan JP, Herbert AP, Kavanagh D, Uhrín D, and Stehle T (2015)
Structural basis for sialic acid-mediated self-recognition by complement factor H.
Nat Chem Biol 11:77–82.

Boraschi D, Italiani P, Palomba R, Decuzzi P, Duschl A, Fadeel B, and Moghimi SM
(2017) Nanoparticles and innate immunity: new perspectives on host defence.
Semin Immunol 34:33–51.

Bradley AJ, Brooks DE, Norris-Jones R, and Devine DV (1999) C1q binding to li-
posomes is surface charge dependent and is inhibited by peptides consisting of
residues 14–26 of the human C1qA chain in a sequence independent manner.
Biochim Biophys Acta 1418:19–30.

Brain JD, Molina RM, DeCamp MM, and Warner AE (1999) Pulmonary in-
travascular macrophages: their contribution to the mononuclear phagocyte system
in 13 species. Am J Physiol 276:L146–L154.

Chao Y, Makale M, Karmali PP, Sharikov Y, Tsigelny I, Merkulov S, Kesari S, Wrasidlo
W, Ruoslahti E, and Simberg D (2012) Recognition of dextran-superparamagnetic
iron oxide nanoparticle conjugates (Feridex) via macrophage scavenger receptor
charged domains. Bioconjug Chem 23:1003–1009.

Chauvierre C, Marden MC, Vauthier C, Labarre D, Couvreur P, and Leclerc L (2004)
Heparin coated poly(alkylcyanoacrylate) nanoparticles coupled to hemoglobin: a
new oxygen carrier. Biomaterials 25:3081–3086.

Chen F, Wang G, Griffin JI, Brenneman B, Banda NK, Holers VM, Backos DS, Wu L,
Moghimi SM, and Simberg D (2017) Complement proteins bind to nanoparticle
protein corona and undergo dynamic exchange in vivo. Nat Nanotechnol 12:387–393.

Clayton A, Harris CL, Court J, Mason MD, and Morgan BP (2003) Antigen-
presenting cell exosomes are protected from complement-mediated lysis by
expression of CD55 and CD59. Eur J Immunol 33:522–531.

Coty JB, Eleamen Oliveira E, and Vauthier C (2017) Tuning complement activation
and pathway through controlled molecular architecture of dextran chains in
nanoparticle corona. Int J Pharm 532:769–778.

Dai Q, Walkey C, and Chan WC (2014) Polyethylene glycol backfilling mitigates the
negative impact of the protein corona on nanoparticle cell targeting. Angew Chem
Int Ed Engl 53:5093–5096.

Dams ET, OyenWJ, Boerman OC, StormG, Laverman P, Kok PJ, Buijs WC, Bakker H,
van der Meer JW, and Corstens FH (2000) 99mTc-PEG liposomes for the scintigraphic
detection of infection and inflammation: clinical evaluation. J Nucl Med 41:622–630.

Decuzzi P, Pasqualini R, Arap W, and Ferrari M (2009) Intravascular delivery of
particulate systems: does geometry really matter? Pharm Res 26:235–243.

Dehring DJ and Wismar BL (1989) Intravascular macrophages in pulmonary capil-
laries of humans. Am Rev Respir Dis 139:1027–1029.

Dobó J, Szakács D, Oroszlán G, Kortvely E, Kiss B, Boros E, Szász R, Závodszky P,
Gál P, and Pál G (2016) MASP-3 is the exclusive pro-factor D activator in resting
blood: the lectin and the alternative complement pathways are fundamentally
linked. Sci Rep 6:31877.

Dos Santos N, Allen C, Doppen AM, Anantha M, Cox KA, Gallagher RC, Karlsson G,
Edwards K, Kenner G, Samuels L, et al. (2007) Influence of poly(ethylene glycol)
grafting density and polymer length on liposomes: relating plasma circulation
lifetimes to protein binding. Biochim Biophys Acta 1768:1367–1377.

Escribese MM, Rosace D, Chivato T, Fernández TD, Corbí AL, and Barber D (2017) Al-
ternative anaphylactic routes: the potential role of macrophages. Front Immunol 8:515.

Farhangrazi ZS and Moghimi SM (2016) Materials etiquette and complement re-
sponses. Curr Bionanotechnol 2:6–10.

Gabizon A and Papahadjopoulos D (1988) Liposome formulations with prolonged
circulation time in blood and enhanced uptake by tumors. Proc Natl Acad Sci USA
85:6949–6953.

Gaca JG, Palestrant D, Lukes DJ, Olausson M, Parker W, and Davis RD Jr (2003)
Prevention of acute lung injury in swine: depletion of pulmonary intravascular
macrophages using liposomal clodronate. J Surg Res 112:19–25.

Gbadamosi JK, Hunter AC, and Moghimi SM (2002) PEGylation of microspheres
generates a heterogeneous population of particles with differential surface char-
acteristics and biological performance. FEBS Lett 532:338–344.

Gjelstrup LC, Kaspersen JD, Behrens MA, Pedersen JS, Thiel S, Kingshott P, Oli-
veira CL, Thielens NM, and Vorup-Jensen T (2012) The role of nanometer-scaled
ligand patterns in polyvalent binding by large mannan-binding lectin oligomers.
J Immunol 188:1292–1306.

Gratton SEA, Ropp PA, Pohlhaus PD, Luft JC, Madden VJ, Napier ME,
and DeSimone JM (2008) The effect of particle design on cellular internalization
pathways. Proc Natl Acad Sci USA 105:11613–11618.

Griffin JI, Wang G, Smith WJ, Vu VP, Scheinman R, Stitch D, Moldovan R, Moghimi
SM, and Simberg D (2017) Revealing dynamics of accumulation of systemically
injected liposomes in the skin by intravital microscopy. ACS Nano 11:
11584–11593.

590 Moghimi et al.

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


Guan J, Shen Q, Zhang Z, Jiang Z, Yang Y, Lou M, Qian J, Lu W, and Zhan C (2018)
Enhanced immunocompatibility of ligand-targeted liposomes by attenuating nat-
ural IgM absorption. Nat Commun 9:2982.

Guglietta S and Rescigno M (2016) Hypercoagulation and complement: connected
players in tumor development and metastases. Semin Immunol 28:578–586.

Hamad I, Al-Hanbali O, Hunter AC, Rutt KJ, Andresen TL, and Moghimi SM (2010)
Distinct polymer architecture mediates switching of complement activation path-
ways at the nanosphere-serum interface: implications for stealth nanoparticle
engineering. ACS Nano 4:6629–6638.

Hamad I, Christy Hunter A, Rutt KJ, Liu Z, Dai H, and Moein Moghimi S (2008)
Complement activation by PEGylated single-walled carbon nanotubes is in-
dependent of C1q and alternative pathway turnover. Mol Immunol 45:3797–3803.

Hamad I, Hunter AC, and Moghimi SM (2013) Complement monitoring of Pluronic
127 gel and micelles: suppression of copolymer-mediated complement activation by
elevated serum levels of HDL, LDL, and apolipoproteins AI and B-100. J Control
Release 170:167–174.

Hamburg MA (2012) Science and regulation. FDA’s approach to regulation of prod-
ucts of nanotechnology. Science 336:299–300.

Hamilton KK, Zhao J, and Sims PJ (1993) Interaction between apolipoproteins A-I
and A-II and the membrane attack complex of complement. Affinity of the apo-
proteins for polymeric C9. J Biol Chem 268:3632–3638.

Harboe M, Johnson C, Nymo S, Ekholt K, Schjalm C, Lindstad JK, Pharo A, Hellerud
BC, Nilsson Ekdahl K, Mollnes TE, et al. (2017) Properdin binding to complement
activating surfaces depends on initial C3b deposition. Proc Natl Acad Sci USA 114:
E534–E539.

Héja D, Kocsis A, Dobó J, Szilágyi K, Szász R, Závodszky P, Pál G, and Gál P (2012)
Revised mechanism of complement lectin-pathway activation revealing the role of
serine protease MASP-1 as the exclusive activator of MASP-2. Proc Natl Acad Sci
USA 109:10498–10503.

Holers VM (2014) Complement and its receptors: new insights into human disease.
Annu Rev Immunol 32:433–459.

Hourcade DE (2006) The role of properdin in the assembly of the alternative pathway
C3 convertases of complement. J Biol Chem 281:2128–2132.

Hu CMJ, Fang RH, Wang KC, Luk BT, Thamphiwatana S, Dehaini D, Nguyen P,
Angsantikul P, Wen CH, Kroll AV, et al. (2015) Nanoparticle biointerfacing by
platelet membrane cloaking. Nature 526:118–121.

Huang Y (2018) Evolution of compstatin family as therapeutic complement inhibi-
tors. Expert Opin Drug Discov 13:435–444.

Inturi S, Wang G, Chen F, Banda NK, Holers VM, Wu L, Moghimi SM, and Simberg
D (2015) Modulatory role of surface coating of superparamagnetic iron oxide
nanoworms in complement opsonization and leukocyte uptake. ACS Nano 9:
10758–10768.

Jones JV, James H, Tan MH, and Mansour M (1992) Antiphospholipid antibodies require
beta 2-glycoprotein I (apolipoprotein H) as cofactor. J Rheumatol 19:1397–1402.

Kerr H and Richards A (2012) Complement-mediated injury and protection of en-
dothelium: lessons from atypical haemolytic uraemic syndrome. Immunobiology
217:195–203.

Klapper Y, Hamad OA, Teramura Y, Leneweit G, Nienhaus GU, Ricklin D,
Lambris JD, Ekdahl KN, and Nilsson B (2014) Mediation of a non-proteolytic
activation of complement component C3 by phospholipid vesicles. Biomaterials
35:3688–3696.

Kovacsovics T, Tschopp J, Kress A, and Isliker H (1985) Antibody-independent ac-
tivation of C1, the first component of complement, by cardiolipin. J Immunol 135:
2695–2700.

Lachmann PJ (2010) Preparing serum for functional complement assays. J Immunol
Methods 352:195–197.

Langford-Smith A, Day AJ, Bishop PN, and Clark SJ (2015) Complementing the sugar
code: role of GAGs and sialic acid in complement regulation. Front Immunol 6:25.

Longworth KE, Westgate AM, Grady MK, Westcott JY, and Staub NC (1992) De-
velopment of pulmonary intravascular macrophage function in newborn lambs.
J Appl Physiol (1985) 73:2608–2615.

Ling WL, Biro A, Bally I, Tacnet P, Deniaud A, Doris E, Frachet P, Schoehn G,
Pebay-Peyroula E, and Arlaud GJ (2011) Proteins of the innate immune system
crystallize on carbon nanotubes but are not activated. ACS Nano 5:730–737.

Liu D, Song YK, and Liu F (1995) Antibody dependent, complement mediated liver
uptake of liposomes containing GM1. Pharm Res 12:1775–1780.

Lundqvist M, Stigler J, Elia G, Lynch I, Cedervall T, and Dawson KA (2008) Nano-
particle size and surface properties determine the protein corona with possible im-
plications for biological impacts. Proc Natl Acad Sci USA 105:14265–14270.

Maiolo D, Del Pino P, Metrangolo P, Parak WJ, and Baldelli Bombelli F (2015)
Nanomedicine delivery: does protein corona route to the target or off road?
Nanomedicine (Lond) 10:3231–3247.

Markiewski MM, DeAngelis RA, Benencia F, Ricklin-Lichtsteiner SK, Koutoulaki A,
Gerard C, Coukos G, and Lambris JD (2008) Modulation of the antitumor immune
response by complement. Nat Immunol 9:1225–1235.

McDonald JF and Nelsestuen GL (1997) Potent inhibition of terminal comple-
ment assembly by clusterin: characterization of its impact on C9 polymerization.
Biochemistry 36:7464–7473.

McKeen CR, Brigham KL, Bowers RE, and Harris TR (1978) Pulmonary vascular
effects of fat emulsion infusion in unanesthetized sheep. Prevention by in-
domethacin. J Clin Invest 61:1291–1297.

Mészáros T, Kozma GT, Shimizu T, Miyahara K, Turjeman K, Ishida T, Barenholz Y,
Urbanics R, and Szebeni J (2018) Involvement of complement activation in the
pulmonary vasoactivity of polystyrene nanoparticles in pigs: unique surface prop-
erties underlying alternative pathway activation and instant opsonization. Int J
Nanomedicine 13:6345–6357.

Miot-Noirault E, Faure L, Guichard Y, Montharu J, and Le Pape A (2001) Scintigraphic
in vivo assessment of the development of pulmonary intravascular macrophages in
liver disease: experimental study in rats with biliary cirrhosis. Chest 120:941–947.

Miyamoto K, Schultz E, Heath T, Mitchell MD, Albertine KH, and Staub NC (1988)
Pulmonary intravascular macrophages and hemodynamic effects of liposomes in
sheep. J Appl Physiol (1985) 64:1143–1152.

Moghimi SM (2006) The effect of methoxy-PEG chain length andmolecular architecture
on lymph node targeting of immuno-PEG liposomes. Biomaterials 27:136–144.

Moghimi SM (2014) Cancer nanomedicine and the complement system activation
paradigm: anaphylaxis and tumour growth. J Control Release 190:556–562.

Moghimi SM (2018) Nanomedicine safety in preclinical and clinical development:
focus on idiosyncratic injection/infusion reactions. Drug Discov Today 23:
1034–1042.

Moghimi SM, Andersen AJ, Ahmadvand D, Wibroe PP, Andresen TL, and Hunter AC
(2011) Material properties in complement activation. Adv Drug Deliv Rev 63:
1000–1007.

Moghimi SM and Gray T (1997) A single dose of intravenously injected poloxamine-
coated long-circulating particles triggers macrophage clearance of subsequent
doses in rats. Clin Sci (Lond) 93:371–379.

Moghimi SM, Hamad I, Andresen TL, Jørgensen K, and Szebeni J (2006) Methylation
of the phosphate oxygen moiety of phospholipid-methoxy(polyethylene glycol)
conjugate prevents PEGylated liposome-mediated complement activation and
anaphylatoxin production. FASEB J 20:2591–2593.

Moghimi SM, Hedeman H, Christy NM, Illum L, and Davis SS (1993a) Enhanced
hepatic clearance of intravenously administered sterically stabilized microspheres
in zymosan-stimulated rats. J Leukoc Biol 54:513–517.

Moghimi SM and Hunter AC (2001) Recognition by macrophages and liver cells
of opsonized phospholipid vesicles and phospholipid headgroups. Pharm Res
18:1–8.

Moghimi SM and Hunter AC (2010) Complement monitoring of carbon nanotubes.
Nat Nanotechnol 5:382; author reply 382–383.

Moghimi SM, Hunter AC, and Andresen TL (2012a) Factors controlling nanoparticle
pharmacokinetics: an integrated analysis and perspective. Annu Rev Pharmacol
Toxicol 52:481–503.

Moghimi SM, Hunter AC, and Murray JC (2001) Long-circulating and target-specific
nanoparticles: theory to practice. Pharmacol Rev 53:283–318.

Moghimi SM, Hunter AC, and Peer D (2016) Platelet mimicry: the emperor’s new
clothes? Nanomedicine (Lond) 12:245–248.

Moghimi SM, Muir IS, Illum L, Davis SS, and Kolb-Bachofen V (1993b) Coating
particles with a block co-polymer (poloxamine-908) suppresses opsonization but
permits the activity of dysopsonins in the serum. Biochim Biophys Acta 1179:
157–165.

Moghimi SM, Parhamifar L, Ahmadvand D, Wibroe PP, Andresen TL, Farhangrazi
ZS, and Hunter AC (2012b) Particulate systems for targeting of macrophages: basic
and therapeutic concepts. J Innate Immun 4:509–528.

Moghimi SM and Patel HM (1993) Serum factors that regulate phagocytosis of li-
posomes by Kupffer cells. Biochem Soc Trans 21:128S.

Moghimi SM and Simberg D (2017) Complement activation turnover on surfaces of
nanoparticles. Nano Today 15:8–10.

Moghimi SM and Simberg D (2018) Translational gaps in animal models of human
infusion reactions to nanomedicines. Nanomedicine (Lond) 13:973–975.

Montdargent B, Maillet F, Carreno MP, Jozefowicz M, Kazatchkine M, and Labarre
D (1993) Regulation by sulphonate groups of complement activation induced by
hydroxymethyl groups on polystyrene surfaces. Biomaterials 14:203–208.

Østensen J, Hede R, Myreng Y, Ege T, and Holtz E (1992) Intravenous injection of
Albunex microspheres causes thromboxane mediated pulmonary hypertension in
pigs, but not in monkeys or rabbits. Acta Physiol Scand 144:307–315.

Pedersen MB, Zhou X, Larsen EK, Sørensen US, Kjems J, Nygaard JV, Nyengaard
JR, Meyer RL, Boesen T, and Vorup-Jensen T (2010) Curvature of synthetic and
natural surfaces is an important target feature in classical pathway complement
activation. J Immunol 184:1931–1945.

Pondman KM, Sobik M, Nayak A, Tsolaki AG, Jäkel A, Flahaut E, Hampel S, Ten
Haken B, Sim RB, and Kishore U (2014) Complement activation by carbon nano-
tubes and its influence on the phagocytosis and cytokine response by macrophages.
Nanomedicine (Lond) 10:1287–1299.

Ricklin D, Hajishengallis G, Yang K, and Lambris JD (2010) Complement: a key
system for immune surveillance and homeostasis. Nat Immunol 11:785–797.

Salvador-Morales C, Flahaut E, Sim E, Sloan J, Green ML, and Sim RB (2006)
Complement activation and protein adsorption by carbon nanotubes.Mol Immunol
43:193–201.

Schneberger D, Aharonson-Raz K, and Singh B (2012) Pulmonary intravascular
macrophages and lung health: what are we missing? Am J Physiol Lung Cell Mol
Physiol 302:L498–L503.

Schöttler S, Becker G, Winzen S, Steinbach T, Mohr K, Landfester K, Mailänder V,
and Wurm FR (2016) Protein adsorption is required for stealth effect of
poly(ethylene glycol)- and poly(phosphoester)-coated nanocarriers. Nat
Nanotechnol 11:372–377.

Shi C, Zhang X, Chen Z, Robinson MK, and Simon DI (2001) Leukocyte integrin Mac-
1 recruits toll/interleukin-1 receptor superfamily signaling intermediates to mod-
ulate NF-kB activity. Circ Res 89:859–865.

Sims PJ, Rollins SA, and Wiedmer T (1989) Regulatory control of complement on
blood platelets. Modulation of platelet procoagulant responses by a membrane
inhibitor of the C5b-9 complex. J Biol Chem 264:19228–19235.

Sjöberg AP, Trouw LA, and Blom AM (2009) Complement activation and inhibition: a
delicate balance. Trends Immunol 30:83–90.

Skotland T (2017) Injection of nanoparticles into cloven-hoof animals: asking for
trouble. Theranostics 7:4877–4878.

Sone Y, Serikov VB, and Staub NC Sr (1999) Intravascular macrophage depletion
attenuates endotoxin lung injury in anesthetized sheep. J Appl Physiol (1985) 87:
1354–1359.

Sou K and Tsuchida E (2008) Electrostatic interactions and complement activation
on the surface of phospholipid vesicle containing acidic lipids: effect of the structure
of acidic groups. Biochim Biophys Acta 1778:1035–1041.

Innate Immunity and Nanoparticle Performance 591

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


Strait RT, Morris SC, Yang M, Qu XW, and Finkelman FD (2002) Pathways of
anaphylaxis in the mouse. J Allergy Clin Immunol 109:658–668.

Sulica A, Medesan C, Laky M, Onic�a D, Sjöquist J, and Ghetie V (1979) Effect of
protein A of Staphylococcus aureus on the binding of monomeric and polymeric IgG
to Fc receptor-bearing cells. Immunology 38:173–179.

Szebeni J, Alving CR, Savay S, Barenholz Y, Priev A, Danino D, and Talmon Y
(2001) Formation of complement-activating particles in aqueous solutions of
Taxol: possible role in hypersensitivity reactions. Int Immunopharmacol 1:
721–735.

Szebeni J, Bed}ocs P, Csukás D, Rosivall L, Bünger R, and Urbanics R (2012) A
porcine model of complement-mediated infusion reactions to drug carrier nano-
systems and other medicines. Adv Drug Deliv Rev 64:1706–1716.

Szebeni J, Simberg D, González-Fernández Á, Barenholz Y, and Dobrovolskaia MA
(2018) Roadmap and strategy for overcoming infusion reactions to nanomedicines.
Nat Nanotechnol 13:1100–1108.

Takahashi M, Ishida Y, Iwaki D, Kanno K, Suzuki T, Endo Y, Homma Y, and Fujita T
(2010) Essential role of mannose-binding lectin-associated serine protease-1 in
activation of the complement factor D. J Exp Med 207:29–37.

Tavano R, Gabrielli L, Lubian E, Fedeli C, Visentin S, Polverino De Laureto P,
Arrigoni G, Geffner-Smith A, Chen F, Simberg D, et al. (2018) C1q-mediated
complement activation and C3 opsonization trigger recognition of stealth poly(2-
methyl-2-oxazoline)-coated silica nanoparticles by human phagocytes. ACS Nano
12:5839–5847.

Taylor PR, Martinez-Pomares L, Stacey M, Lin HH, Brown GD, and Gordon S
(2005) Macrophage receptors and immune recognition. Annu Rev Immunol 23:
901–944.

Tenzer S, Docter D, Kuharev J, Musyanovych A, Fetz V, Hecht R, Schlenk F,
Fischer D, Kiouptsi K, Reinhardt C, et al. (2013) Rapid formation of plasma
protein corona critically affects nanoparticle pathophysiology. Nat Nano-
technol 8:772–781.

Vu VP, Gifford GB, Chen F, Benasutti H, Wang G, Groman EV, Scheinman R, Saba
L, Moghimi SM, and Simberg D (2019) Immunoglobulin deposition on biomolecule
corona determines complement opsonization efficiency of preclinical and clinical
nanoparticles. Nat Nanotechnol 14:260–268.

Walday P, Tolleshaug H, Gjøen T, Kindberg GM, Berg T, Skotland T, and Holtz E
(1994) Biodistributions of air-filled albumin microspheres in rats and pigs. Bio-
chem J 299:437–443.

Wang G, Chen F, Banda NK, Holers VM, Wu L, Moghimi SM, and Simberg D (2016)
Activation of human complement system by dextran-coated iron oxide nano-
particles is not affected by dextran/Fe ratio, hydroxyl modifications, and cross-
linking. Front Immunol 7:418.

Wang G, Griffin JI, Inturi S, Brenneman B, Banda NK, Holers VM, Moghimi SM,
and Simberg D (2017) In vitro and in vivo differences in murine third complement

component (C3) opsonization and macrophage/leukocyte responses to antibody-
functionalized iron oxide nanoworms. Front Immunol 8:151.

Whitehead B, Wu L, Hvam ML, Aslan H, Dong M, Dyrskjøt L, Ostenfeld MS, Mog-
himi SM, and Howard KA (2015) Tumour exosomes display differential mechanical
and complement activation properties dependent on malignant state: implications
in endothelial leakiness. J Extracell Vesicles 4:29685.

Wibroe PP, Ahmadvand D, Oghabian MA, Yaghmur A, and Moghimi SM (2016a) An
integrated assessment of morphology, size, and complement activation of the
PEGylated liposomal doxorubicin products Doxil®, Caelyx®, DOXOrubicin, and
SinaDoxosome. J Control Release 221:1–8.

Wibroe PP, Anselmo AC, Nilsson PH, Sarode A, Gupta V, Urbanics R, Szebeni J,
Hunter AC, Mitragotri S, Mollnes TE, et al. (2017) Bypassing adverse injection
reactions to nanoparticles through shape modification and attachment to eryth-
rocytes. Nat Nanotechnol 12:589–594.

Wibroe PP, Helvig SY, and Moein Moghimi S (2014) The role of complement in
antibody therapy for infectious diseases. Microbiol Spectr 2:AID-0015-2014.

Wibroe PP, Mat Azmi ID, Nilsson C, Yaghmur A, and Moghimi SM (2015) Citrem
modulates internal nanostructure of glyceryl monooleate dispersions and bypasses
complement activation: towards development of safe tunable intravenous lipid
nanocarriers. Nanomedicine (Lond) 11:1909–1914.

Wibroe PP, Petersen SV, Bovet N, Laursen BW, and Moghimi SM (2016b) Soluble
and immobilized graphene oxide activates complement system differently de-
pendent on surface oxidation state. Biomaterials 78:20–26.

Woodruff TM, Nandakumar KS, and Tedesco F (2011) Inhibiting the C5-C5a receptor
axis. Mol Immunol 48:1631–1642.

Wu YQ, Qu H, Sfyroera G, Tzekou A, Kay BK, Nilsson B, Nilsson Ekdahl K, Ricklin D,
and Lambris JD (2011) Protection of nonself surfaces from complement attack by factor
H-binding peptides: implications for therapeutic medicine. J Immunol 186:4269–4277.

Yin W, Ghebrehiwet B, and Peerschke EIB (2008) Expression of complement com-
ponents and inhibitors on platelet microparticles. Platelets 19:225–233.

Yu K, Lai BFL, Foley JH, Krisinger MJ, Conway EM, and Kizhakkedathu JN (2014)
Modulation of complement activation and amplification on nanoparticle surfaces
by glycopolymer conformation and chemistry. ACS Nano 8:7687–7703.

Zalipsky S, Hansen CB, Oaks JM, and Allen TM (1996) Evaluation of blood clearance rates
and biodistribution of poly(2-oxazoline)-grafted liposomes. J Pharm Sci 85:133–137.

Zhang L, Jacobsson K, Vasi J, Lindberg M, and Frykberg L (1998) A second
IgG-binding protein in Staphylococcus aureus. Microbiology 144:985–991.

Address correspondence to: Dr. S. Moein Moghimi, School of Pharmacy,
Newcastle University, Newcastle upon Tyne NE1 7RU, United Kingdom.
E-mail: seyed.moghimi@ncl.ac.uk

592 Moghimi et al.

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

mailto:seyed.moghimi@ncl.ac.uk
http://jpet.aspetjournals.org/

